Background: BMS-791325, a non-nucleoside inhibitor of HCV NS5B, has robust clinical efficacy. Results: Biochemical and biophysical methods revealed a non-competitive time-dependent inhibition mechanism and permitted complete parameterization of inhibitor binding kinetics. Conclusion: Thumb and finger variants affect BMS-791325 association rates. Significance: The impact of NS5B variants on BMS-791325 binding provides insight into the basis of inhibitor resistance and the process of replication complex formation.
HCV infection is an urgent global health problem that has triggered a drive to discover therapies that specifically target the virus. BMS-791325 is a novel direct antiviral agent specifically targeting HCV NS5B, an RNA-dependent RNA polymerase. Robust viral clearance of HCV was observed in infected patients treated with BMS-791325 in combination with other anti-HCV agents in Phase 2 clinical studies. Biochemical and biophysical studies revealed that BMS-791325 is a time-dependent, noncompetitive inhibitor of the polymerase. Binding studies with NS5B genetic variants (WT, L30S, and P495L) exposed a twostep, slow binding mechanism, but details of the binding mechanism differed for each of the polymerase variants. For the clinically relevant resistance variant (P495L), the rate of initial complex formation and dissociation is similar to WT, but the kinetics of the second step is significantly faster, showing that this variant impacts the final tight complex. The resulting shortened residence time translates into the observed decrease in inhibitor potency. The L30S variant has a significantly different profile. The rate of initial complex formation and dissociation is 7-10 times faster for the L30S variant compared with WT; however, the forward and reverse rates to form the final complex are not significantly different. The impact of the L30S variant on the inhibition profile and binding kinetics of BMS-791325 provides experimental evidence for the dynamic interaction of fingers and thumb domains in an environment that supports the formation of active replication complexes and the initiation of RNA synthesis.
Hepatitis C virus (HCV) 6 infection is a serious global health problem, with 2.3 million people infected in the United States and 130 -170 million worldwide (1, 2) . Up to 80% of individuals acutely infected with HCV fail to eliminate the virus. Chronic HCV infections induce liver cirrhosis and hepatocellular carcinoma, which are associated with Ͼ10,000 deaths/year in the United States (3, 4) . The impact of chronic HCV infections is expected to increase dramatically in the United States as the population of aging baby boomers, exposed to the virus and unaware of infection, develops liver disease (5) . The CDC has recognized this threat to public health and proposed new guidelines to boost testing for HCV infection in this population (6) . The push to identify infected individuals materialized as emerging, direct acting anti-HCV agents (DAA) in combination with pegylated interferon ␣ and ribavirin delivered higher cure rates (sustained virologic response) and promised future delivery of highly effective IFN-free combinations with shorter treatment durations and fewer side effects.
BMS-791325 is a DAA that exemplifies this new class of agents. It is a novel inhibitor of HCV NS5B, an RNA-dependent RNA polymerase that is required for viral replication. In Phase 1 studies, a single 300-mg dose of BMS-791325 delivered a robust decline in HCV RNA (ϳ2.5 log 10 ) in genotype 1a (GT-1a)-and GT-1b-infected subjects within 24 h (7) . GT-1a-and GT-1b-infected patients (23 of 26) treated with a combination of BMS-791325 (75 or 150 mg twice daily) plus pegylated interferon ␣ and ribavirin achieved sustained virologic response, a milestone strongly associated with the cure of HCV (8) . In a more recent Phase 2 study, 63 of 66 HCV-infected GT-1 patients treated for 12 or 24 weeks with a combination of BMS-791325 (75 or 150 mg twice daily), daclatasvir (60 mg once daily), and asunaprevir (200 mg twice daily) achieved sustained virologic response (9) . The preclinical profile of BMS-791325, including potent activity in GT-1a and -1b enzyme and replicon assays (IC 50 and EC 50 values of 0.7-4 nM), selection of significant resistance at a single substitution site, and a robust pharmacokinetic profile in animal models, anticipated the strong antiviral effect observed in patients (10, 11) .
Co-crystal structures and resistance selection in HCV replicon cells demonstrated this non-nucleoside inhibitor interacts with a site in the thumb domain of the polymerase (10, 12, 13) ( Fig. 1) . The site, referred to as thumb site 1, is occupied in the apoprotein by a protein loop (⌬1) within the fingers domain of the polymerase (14 -17) . Co-crystal structures show that BMS-791325, like other thumb site 1 inhibitors, displaces the finger loop when it binds this pocket (17) .
Less potent thumb site 1 inhibitors have been evaluated for mechanism of inhibition, and some of these have also been tested in clinical studies (16 -28) . Primer-dependent replication model systems were used to characterize 2 thumb site 1 inhibitors with K i values of 120 -200 nM. The inhibitors were shown to be non-competitive with primer⅐template and NTP and unable to inhibit preformed replication complexes (18) . Resistance selection in the replicon system identified substitutions at proline 495, an amino acid 30 Å from the active site, as responsible for resistance. Based on the mechanistic and resistance selection results, the authors proposed that the allosteric thumb site 1 inhibitors interact with the enzyme-RNA complex and impact a slow conformational transition, preceding nucleotide binding, which is required for the formation of productive initiation complexes. When co-crystal structures of NS5B and two structurally similar inhibitors confirmed the site of binding (17) , the authors hypothesized that thumb site 1 inhibitors interfere with enzyme activity by preventing the formation of intramolecular contacts between fingers and thumb, precluding the coordinated movements required for RNA synthesis.
Biochemical and biophysical methods were used to characterize the interaction between BMS-791325 and the HCV NS5B polymerase. The inhibitor delivers potent, specific, and timedependent inhibition of the isolated enzyme and is non-competitive with respect to both template and nucleotide substrates. The use of wild type (WT) and variant NS5B polymerases (P495L and L30S; Fig. 1 (10, 29, 30) ) helped to elaborate details of the inhibition mechanism.
Our studies demonstrate how the inhibitor binding mechanism contributes to the ability of BMS-791325 to deliver potent antiviral activity. In addition, the impact of variants (P495L and L30S) on inhibitor binding to HCV NS5B reveals a detailed mechanism of resistance for a clinically relevant resistance variant and provides experimental evidence for a dynamic interaction between the fingers and thumb that impacts the formation of active replication complexes.
EXPERIMENTAL PROCEDURES
Compound Synthesis-BMS-791325 was synthesized at Bristol-Myers Squibb Co. (10) . Purity was Ն95% as determined by LC-MS. The 2ЈMe-methyl-GTP (NUC) inhibitor was obtained from Inhibitex, Inc. (Alpharetta, GA).
Experimental Reagents-Reagents of the highest quality available were purchased from commercial sources as noted.
Cloning, Expression, and Purification of HCV NS5B Proteins-The cDNA encoding the open reading frame for HCV NS5B Con 1 WT, P495L, or L30S, with a C-terminal 18-amino acid truncation, was cloned into a pet21b vector for expression (31) . The plasmids were used to transform competent BL21(DE3) Escherichia coli cells (Novagen) according to the manufacturer's protocol.
Untagged NS5B proteins were expressed and isolated to Ͼ90% purity using heparin-Sepharose and poly(U)-Sepharose chromatography (31) . Enzymes were stored at Ϫ80°C in buffer containing 20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 0.1 mM EDTA, 2 mM DTT, 0.5% Triton X-100, 50% glycerol.
Polymerase Activity Assays-RNA synthesis was measured by detecting the incorporation of radiolabeled nucleotides. Regardless of the assay format used to measure activity, inhibition by BMS-791325 was detected as a decrease in the incorporation of radiolabeled nucleotides compared with an untreated control. In all assay formats, BMS-791325 and control compounds were serially diluted 1:3 in DMSO and transferred to 96-well assay plates (Corning 3365) for a final DMSO concen- tration of 2%. In all assay formats, except for the assay performed in the presence of scintillation proximity assay beads, the newly synthesized RNA product was precipitated by 10% TCA and quantified on the Packard Top Count NXT scintillation/luminescence counter.
De Novo Assay-NS5B polymerase initiates de novo using a single nucleotide in the absence of a primer. The reaction contains homopolymeric C template (0.35 nM), NS5B enzyme (2.8 nM), 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 2.5 mM KCl, 1 mM DTT, 50 g/ml BSA (B6917, Sigma), 625 M GTP, and [ 33 P]GTP (5 Ci, 3000 Ci/mmol; PerkinElmer Life Sciences NEG-606H). After a 1-h preincubation of NS5B polymerase, template, and compound, de novo RNA synthesis was initiated by the addition of GTP. Reactions were incubated at 30°C for 15 min.
Dinucleotide Primer Assay-NS5B polymerase initiates primerdependent replication in a reaction containing pGpG primer (8.6 M), homopolymeric C template (0.35 nM), NS5B enzyme (2.8 nM), 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 2.5 mM KCl, 1 mM DTT, 50 g/ml BSA (B6917, Sigma), 1 M GTP, and [ 33 P]GTP (1 Ci, 3000 Ci/mmol, PerkinElmer Life Science NEG-606H). After a 0 -24-h preincubation of NS5B polymerase, template, and compound, RNA synthesis was initiated by the addition of primer and GTP. Reactions (total volume of 0.06 ml) were incubated at 30°C for 15 min.
12-Mer Primer Assay-NS5B polymerase initiates primerdependent RNA synthesis on poly(A) template using biotinylated oligo(dT) 12 primer that is precaptured on streptavidincoupled scintillation proximity assay beads. The assay was performed essentially as described (31, 32) .
Copy-back Assay-NS5B polymerase initiates RNA synthesis on a heteropolymeric template using a primer-dependent, copy-back mechanism. The reaction contains heteropolymeric template (0.4 nM, 2650 nucleotides), NS5B enzyme (8.4 nM), 20 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 1 mM DTT, 50 mM NaCl, and 50 g/ml BSA (B6917, Sigma); 1.6 units of RNase inhibitor (N251B, Promega, Madison, WI); and 3 M cold ATP, CTP, GTP, UTP, and [ 33 P]CTP substrate (4 Ci, 3000 Ci/mmol; PerkinElmer Life Sciences, NEG-608H). After a 1-h preincubation of NS5B polymerase, template, and compound, primer-dependent RNA synthesis was initiated by the addition of NTP. Reactions were incubated at 30°C for 3 h.
The half-maximal inhibition values (IC 50 ) were determined using seven different inhibitor concentrations, [I], and calculated using the formula, y ϭ y min ϩ ((y max Ϫ y min )/(1 ϩ IC 50 / x))n, where x is the inhibitor concentration and n is the Hill coefficient.
Mode of Inhibition-Inhibition modality was determined using a poly(C) template and dinucleotide (pGpG) primer assay. Reactions contained HCV NS5B enzyme (2.8 nM), poly(C) template (concentration noted), pGpG primer (8.6 M), and [ 33 P]GTP (1-3 Ci; 3000 Ci/mmol; PerkinElmer Life Sciences, NEG-606H) supplemented with unlabeled GTP (concentration noted). BMS-791325 was titrated in DMSO with 2-fold dilutions and final concentrations ranging from 0.049 to 50 nM. To determine the inhibition modality with respect to template, NS5B was preincubated for 24 h at room temperature in TRIS buffer (20 mM, pH 7.5) containing BMS-791325 or DMSO, poly(C) template (0.15-4.8 nM), GTP (1 M), BSA (50 g/ml), and MgCl 2 (7.5 mM). Reactions were initiated by adding pGpG primer and radiolabeled GTP, and reaction progress was monitored over 15 min. To determine the inhibition modality with respect to GTP, NS5B was preincubated for 24 h at room temperature in TRIS buffer (20 mM, pH 7.5) containing BMS-791325 or DMSO, template (0.35 nM), GTP (0.78 -25 M), BSA (50 g/ml), and MgCl 2 (7.5 mM). The reaction was initiated by adding pGpG primer and radiolabeled GTP and monitored over 15 min. Reactions were quenched with TCA (10%). The precipitated RNA was washed and detected on a Packard Top Count NXT. Experiments to determine the mode of inhibition were also carried out using a poly(A)⅐dT 12 ⅐UTP assay, using similar conditions.
Because the potency determined for BMS-791325 was close to the enzyme concentration used in the reactions (2.8 nM), K i, app values were determined by fitting the inhibition data to the Morrison equation in order to account for the depletion of inhibitor in solution (33) .
The values for K i, app were plotted as a function of template or GTP concentration to determine inhibition modality and calculate K i . Time-dependent inhibition of NS5B activity by BMS-791325 was investigated by measuring the initial reaction velocity after different periods of enzyme-inhibitor preincubation using the template⅐primer (poly(A)⅐dT 12 ) assay. The reactions contained 14 nM HCV NS5B enzyme, 4 nM poly(A) template, 3000 nM biotinylated oligo(dT) 12 primer, and 3 Ci of [ 33 P]UTP (3000 Ci/mmol; Amersham Biosciences, NEG-607H) supplemented with 25 M cold UTP in assay buffer (20 mM Hepes, pH 7.5, 2.5 mM KCl, 2.5 mM MgCl 2 , 1 mM DTT, 1.6 units of RNase inhibitor (Promega, N2515), 0.1 mg/ml BSA (Promega, R3961), and 2% glycerol). After preincubating inhibitor and NS5B enzyme for various periods of time as indicated ( Fig. 4A ), reactions were initiated by adding template, primers, and UTP and incubated at room temperature for up to 70 min. At various time intervals, the reactions were stopped with 50 mM EDTA. The newly synthesized RNA product was precipitated by 10% TCA, washed, and detected on a Packard Top Count NXT counter. Fractional velocity (v i /v 0 ) versus preincubation time (t) was fit to the exponential equation, v i /v 0 ϭ exp(Ϫk obs t), to obtain k obs , where v i is the inhibited reaction rate, and v 0 is the uninhibited reaction rate. The k obs values were plotted versus inhibitor concentration ( Fig. 4B ). Data were fit to a single step binding model, k obs ϭ k 2 (1 ϩ I/K i, app ), to derive k 2 and K i, app . The value of k 1 is derived from the equation, K i ϭ k 2 /k 1 .
Binding Kinetics-BMS-791325 binding to WT, L30S, and P495L NS5B polymerases was characterized using solution state and biolayer interferometry methods.
Solution State-Binding kinetic constants for BMS-791325 and NS5B polymerases (WT, L30S, and P495L) were measured by stopped flow (SX 20, Applied Photophysics). Binding events were measured in the millisecond time scale by monitoring the change in fluorescence of BMS-791325 using an excitation wavelength of 320 nm and an emission wavelength of 420 nm upon rapid mixing of the compound with NS5B (WT, L30S, or P495). All solutions were prepared in NS5B binding buffer (20 mM Tris-HCl, pH 7.5, 2.5 mM MgCl 2 , 2.5 mM KCl, 0.1% DMSO, 0.01% Triton X-100, and 1 mM DTT). The instrument was prepared by washing 10 ml of Millipore water through each drive syringe and then equilibrating the syringes with 5 ml of buffer to normalize the voltage. A 10-ml stock of 10 nM BMS-791325 was used for all experiments. 1-ml solutions of NS5B enzyme were prepared at various concentrations (50 -1000 nM) as indicated and loaded into disposable 1-ml syringes. The compound syringe contained 5 nM BMS-791325 and 0.1% DMSO (v/v). Background spectra were acquired using the buffer to ensure a stable signal. Starting with the lowest enzyme concentration, an average of 10 spectra were acquired and averaged. The enzyme chamber was washed with 5 ml of buffer before the next concentration was added. When all data were collected, the system was washed with 10 ml of 1 M NaOH, followed by 20 ml of water.
Data were fit, using Sigmaplot (Sigmaplot Software, Inc.), to a single-exponential equation
where A is the amplitude, k obs is the observed rate constant, and C is the end point.
Biolayer Interferometry-Binding kinetics were also measured using the Octet Red (ForteBio, Menlo Park, CA), an optically based sensor format. WT NS5B enzyme and L30S and P495L variants were chemically biotinylated using the EZ-Link kit (Pierce, 21338). Briefly, a 5-fold excess of EZ-Link reagent was added to the enzyme in storage buffer. The mixture was incubated for 25 min at room temperature. Tris buffer (20 l of 1 M, pH 8.0) was added to quench the reaction. The biotinylated enzymes were stored at Ϫ80°C and were used directly without further purification.
Biotinylated NS5B protein was diluted using the loading buffer (20 mM Tris, pH 7.5, 2.5 mM MgCl 2 , 2.5 mM KCl, and 0.01% (v/v) Triton X-100) to a final concentration of 0.8, 0.3, and 4.6 M for WT, L30S, and P495L, respectively. Superstreptavidin sensor (ForteBio part 18-5057) was equilibrated with the diluted enzyme for 1 h at room temperature. Control experiments were conducted in parallel by equilibrating the sensor with loading buffer only. BMS-791325 in solution at various concentrations was prepared by diluting a DMSO stock into the binding buffer (20 mM Tris, pH 7.5, 2.5 mM MgCl 2 , 2.5 mM KCl, and 0.02% (v/v) Tween 20) . Final DMSO concentration was controlled at 2% (v/v). Compound association curves were obtained by dipping the sensor immobilized with biotinylated enzyme into the compound solution; the sensor equilibrated with loading buffer only was used to measure nonspecific binding, and the signal was subtracted. Once the binding reached equilibrium, the sensor tip was moved to binding buffer containing 2% DMSO for the dissociation measurement.
Association curves were fit using GraphPad Prism to a single-
where A is the amplitude, k obs is the observed rate constant, and C is the end point. Dissociation curves were fit into a single decay equation
is the amplitude, k off is the dissociation rate constant, and C is the end point.
RESULTS

Potent and Specific Inhibition of HCV NS5B Polymerase
Activity-BMS-791325 inhibits GT-1 HCV NS5B polymerase with nanomolar potency. It is also highly selective for NS5B, showing no activity against the closely related RNA-dependent RNA polymerase from the pestivirus, bovine viral diarrhea virus, or human DNA polymerases ␣, ␤, and ␥ (IC 50 values Ͼ25 M) (11) .
Intrinsic potency was investigated using isolated GT-1b enzyme (Con1 ⌬18) and four different replication model systems ( Table 1) . The model systems, poly(C) template⅐GTP, poly(C) template⅐pGpG dinucleotide, poly(A) template⅐dT 12 primer, and HCV RNA⅐NTP, support distinct initiation mechanisms, including de novo, primer-dependent, and copy-back, respectively. The highly purified and untagged NS5B that we used for these studies has robust replication activity in each of these in vitro systems; however, published reports suggest that the de novo mechanism is predominant in vivo (34, 35) . In each case, the inhibitor was preincubated for 1 h with NS5B enzyme and template, and the assay was initiated with the addition of NTP(s) (and primer, as required by the model system). The potency (IC 50 ) of BMS-791325 is similar in all four replication systems ( Table 1) .
Because each of these systems requires replication complex formation and incorporation of a first NTP, each system models these aspects of replication initiation; however, NS5B complexed with an RNA duplex (poly(A) template⅐dT 12 primer or copy-back template) is likely to have a conformation required specifically for elongation (36 -38) and not a conformation required for de novo initiation.
Mode of Inhibition-Previous reports showed that compounds binding at thumb site 1 inhibit the initiation of RNA replication (16, 18) and not elongation; however, BMS-791325 appears to be 5-75 times more potent than previously studied compounds and inhibits equally in model systems of de novo and primer-dependent synthesis. Because two of the four replication systems are assumed to model elongation (poly(A)⅐dT 12 and HCV RNA), a trapping experiment was performed to confirm that BMS-791325 has no impact on the elongation phase of replication.
A time course of inhibition was generated in the presence and absence of heparin, using the poly(C)⅐pGpG assay (Fig. 2) . Heparin traps polymerase molecules that are not engaged in stable replication complexes, permitting replication from complexes engaged at the time of heparin addition and preventing the formation of new replication complexes (39) . The progress curve for the poly(C) template⅐pGpG dinucleotide reaction with BMS-791325 added (10 M) parallels the progress curve with heparin added (10 g/ml). Inhibition was not enhanced by the combination of BMS-791325 and heparin. On the contrary, the inhibition curves (BMS-791325 alone, heparin alone, and BMS-791325 plus heparin) are essentially superimposed. A nucleoside analog, NUC, reported to inhibit both initiation and elongation, was included as a positive control (40) . The presence of the NUC (1 M) blocked all replication, generating progress curves (NUC alone or the NUC plus heparin) that overlap and lie along the x axis.
These results confirm that BMS-791325, like the previous thumb site 1 inhibitors tested, has no impact on elongation (16, 18) . The inhibition in systems that model elongation suggests that BMS-791325 blocks a step before the incorporation of nucleotides.
Inhibition modality was further investigated by preincubating BMS-791325 with NS5B in the presence of template and GTP before initiating the reaction. These studies were initially performed with a 1-h preincubation (not shown); however, based on the slow binding kinetics observed in binding studies and described below, the studies were repeated with a 24-h preincubation. The 24-h preincubation ensures binding equilibrium between inhibitor and the potential competitors (template or GTP). Essentially identical results were observed, regardless of the preincubation time (1 or 24 h). The initial velocities were fit to the Morrison equation (Fig. 3, A and B) . A plot of apparent K i versus concentration of template or GTP confirmed the modality as non-competitive ( Fig. 3, C and D) , with K i values of 1.1 Ϯ 0.1 and 2.6 Ϯ 0.4 nM for template and GTP, respectively. Similar results were observed (3.9 Ϯ 0.43 nM and 1.6 Ϯ 0.09 nM for template and UTP, respectively) using a poly(A)⅐dT 12 ⅐UTP assay (data not shown).
Time-dependent Inhibition of HCV NS5B Polymerase Activity-To determine whether the inhibition of NS5B by BMS-791325 is time-dependent, the IC 50 was measured with and without preincubation of inhibitor with NS5B before replication was initiated by adding NTP. The potency of BMS-791325 was enhanced by increasing the time of preincubation ( Table 2 ). The enhanced potency that was observed with WT enzyme after preincubation was the first indication that BMS-791325 could be a slow binding inhibitor; the small but repro- ducible difference in potency between 1 and 5 h indicates that a preincubation time of Ͼ1 h is required to reach equilibrium ( Table 2 ). The enhanced potency with preincubation is not due to instability of the enzyme or RNA template because no differences in the amount of replication product formed (cpm incorporated/ng of protein), in the absence of BMS-791325, were observed after 0-, 1-, 5-, and 24-h preincubation (data not shown).
Two genetic variants (L30S and P495L) were also examined, based on a hypothesis that these amino acid variants could impact the time to reach equilibrium ( Table 2 ). The specific activity (cpm incorporated/ng of protein) of the L30S polymerase is reduced (ϳ100-fold) compared with WT (41, 42) , but the potency of BMS-791325 on L30S, after preincubation, is equal to that on WT polymerase. The preincubation time required to achieve maximum inhibition of L30S appears to be shorter than that for WT (similar IC 50 values for L30S after 1-, 5-, and 24-h preincubation). The specific activity (cpm incorporated/ng of protein) of the P495L variant polymerase is reduced by approximately half compared with WT (data not shown) and is highly resistant to BMS-791325 inhibition (EC 50 Ͼ 500 nM; IC 50 ϭ 431 Ϯ 110 nM) (Table 2) (11) . Despite the fact that BMS-791325 is a much less potent inhibitor of P495L, a ϳ2-fold preincubation effect was detected ( Table 2) .
To explore the mechanism of time-dependent inhibition for BMS-791325, the initial reaction velocity was measured after different periods of WT NS5B inhibitor preincubation, using a template⅐primer (poly(A)⅐dT 12 ) assay. Rates of incorporation of radiolabeled nucleotide were determined. The initial velocity decreases as enzyme-inhibitor preincubation time increases at various inhibitor concentrations (Fig. 4A) .
These data confirm that BMS-791325 is a time-dependent inhibitor of WT NS5B.
The k obs values were calculated by fitting the initial reaction rate decreases versus time of preincubation. A second plot of k obs versus inhibitor concentration was fit to either a linear or hyperbolic curve to compare one-and two-step binding models. Based on Akaike criteria (Prism GraphPad), the one-step binding model is favored (82.8% versus 17.2%) (Fig. 4B ). Using a one-step binding model, the k 1 and k 2 values were 2.1 Ϯ 0.2 ϫ 10 4 M Ϫ1 s Ϫ1 and 5.0 Ϯ 0.1 ϫ 10 Ϫ5 s Ϫ1 , respectively (Scheme 1).
Binding Kinetics-To fully characterize the inhibition mechanism, binding studies were conducted with WT NS5B and two NS5B genetic variants (L30S and P495L) using two different methods. BMS-791325 has intrinsic fluorescence properties that permit detection of changes in the ligand environment upon binding to the enzyme in stopped-flow studies. Kinetic measurements, monitoring fluorescence intensity decreases at 420 nm, yielded binding curves at different enzyme concentrations for each NS5B variant (WT, L30S, and P495L). The curves were fit to a single-exponential equation for the WT and L30S variants to calculate k obs values. For the P495L variant, the binding curves follow a double exponential equation, characterized by a fast rate constant (k obs1 ) and a slower rate constant (k obs2 ) that does not vary with different enzyme concentrations. Accordingly, we consider the higher k obs1 values to define the rate of enzyme-inhibitor binding. Plots of k obs versus NS5B enzyme concentration showed linear correlations for all three enzymes, implying a single step binding mechanism (Fig. 5 ). The forward rates (k 1 ) of BMS-791325 binding for WT, L30S, The on-and off-rates of a second isomerization step in a two-step binding mechanism are represented by k 3 and k 4 . K d ϭ k 2 /k 1 and K d * ϭ K d /(1 ϩ k 3 /k 4 ). In a one-step binding mechanism, k off ϭ k 2 , whereas k off ϭ k 2 k 4 /(k 2 ϩ k 3 ϩ k 4 ) in a two-step binding mechanism.
TABLE 2 Effect of BMS-791325-NS5B polymerase preincubation time on inhibition (IC 50 )
IC 50 values represent the mean Ϯ S.D. from more than two independent experiments. The NO preincubation reaction was performed by assembling the reaction (poly(C) template, pGpG primer, ͓ 33 P͔GTP, BMS-791325) in buffer and initiating the reaction with NS5B. The preincubation reactions were performed by incubating NS5B with BMS-791325 in the presence of poly(C) template for 1, 5, or 24 h before initiating with the addition of pGpG primer and ͓ 33 P͔GTP. ND, not determined. (Table 3) . Although kinetic results for WT enzyme from both the activity assay and stopped-flow studies can be fit to a single step binding model, the on-rates (k 1 ) generated by the two methods were dramatically different. The on-rate (k 1 ) for BMS-791325 determined in the activity assay is ϳ300-fold slower (2.1 Ϯ 0.2 ϫ 10 4 M Ϫ1 s Ϫ1 ) than the value determined by stopped flow (6.0 Ϯ 0.3 ϫ 10 6 M Ϫ1 s Ϫ1 ). This discrepancy, coupled with the long preincubation time (Ͼ1 h) required to reach maximum inhibition for WT NS5B, led us to perform additional binding studies using a different method to further elaborate the mechanism.
Preincubation time WT L30S P495L
Octet Red studies were performed with biotinylated NS5B enzymes immobilized on a super streptavidin sensor. Binding of small molecules, such as BMS-791325, to the enzyme causes a shift in the interference pattern of incidence light that can be measured in real time (43, 44) . Both association and dissociation of BMS-791325 to/from WT, L30S, and P495L NS5B enzymes could be measured using this method. Association curves were fit to a single-exponential equation for both WT and L30S enzyme; however, kinetic curves for the P495L variant followed a double exponential equation (similar to the results from stopped-flow experiments). The observed rate constant from the fast phase (k obs1 ) was used to define enzyme-inhibitor binding (Fig. 6 ). Values for k obs were plotted as a function of inhibitor concentration. The data yielded hyperbolic curves for all three enzymes, indicating a two-step, slow binding mechanism (Scheme 1).
The forward rate constants to form the final tight complex (k 3 ) were similar for both WT and L30S (0.043 Ϯ 0.001 and 0.035 Ϯ 0.006 s Ϫ1 , respectively); however, the value for P495L (0.25 Ϯ 0.01 s Ϫ1 ) increased ϳ6-fold compared with WT ( Table  4 ). The reverse rate constant for the second slow step (k 4 ) could not be calculated from curve fitting, probably due to the small value compared with the forward rate (k 3 ).
Dissociation of BMS-791325 from each enzyme variant was also measured and fit to a single-exponential decay equation (data not shown). The data showed that binding of BMS-791325 to NS5B is reversible. Residence times for WT and the L30S variant are 98 Ϯ 23 and 167 Ϯ 17 min, respectively. Dissociation of BMS-791325 from the P495L variant was much faster, with a residence time of 2 Ϯ 0.6 min ( Table 4 ).
The equilibrium dissociation constant (K d ) to form the initial complex is 151 Ϯ 49 nM for WT enzyme. This value is similar for the L30S variant (115 Ϯ 10 nM) and about 2-fold weaker for P495L (322 Ϯ 100 nM).
DISCUSSION
BMS-791325 is the most potent thumb site 1 inhibitor of GT-1 NS5B polymerase to reach clinical trials (Tables 1 and 2) (45) . In vitro, it inhibits replication, regardless of the mode of initiation (de novo, primed, copy-back) but has no impact on elongation (Fig. 2) . The equal potency observed in systems that model de novo and primer-dependent replication and the failure to inhibit elongation support a model of inhibition that was proposed on the basis of crystal structure studies with thumb site 1 inhibitors (17); the binding of BMS-791325 blocks the formation of active replication complexes, regardless of whether the complexes initiate de novo or, once formed, model elongation. Our experiments show that BMS-791325 is noncompetitive with respect to both template and the nucleotide substrate, and the inhibition of NS5B activity by BMS-791325 is clearly time-dependent ( Fig. 4 and Table 2 ). The limitations of the activity assays, with readouts that include signal from elongation as well as initiation, precluded detailed understanding of the mechanism of slow binding. Because the activity assays established that BMS-791325 is a non-competitive time-dependent inhibitor that blocks the formation of active replication complexes, binding studies were conducted to determine the mechanism of time dependence. WT NS5B polymerase and two genetic variants (L30S and P495L) were used to probe the interactions between enzyme and inhibitor. Leucine 30 is located in a loop (⌬1) of the fingers domain that interacts with a pocket in the thumb domain that contains the binding site for BMS-791325 (Fig. 1) . The substitution of serine for leucine at position 30 (L30S) reduces the affinity of the ⌬1 loop for the hydrophobic thumb pocket and weakens the finger-thumb interaction (42) . The L30S variant has dramatically decreased polymerase activity, suggesting that the finger and thumb interaction is important for replication activity (41, 42) . Substitutions at Leu-30 have not been observed after inhibitor selection in the replicon system, but characterization of the L30S variant has been reported (41, 42) . Although the overall activity of L30S polymerase is reduced (ϳ100-fold) compared with WT (42), inhibition of the variant by BMS-791325 (IC 50 ϭ 0.7 Ϯ 0.2 nM) is equal to the inhibition of WT polymerase (IC 50 ϭ 0.7 Ϯ 0.3 nM) when the inhibitor-NS5B interaction is allowed to reach equilibrium before polymerization is initiated ( Table 2 ). The activity assays show that the NS5B-inhibitor complex reaches equilibrium faster with L30S compared with WT but that the variant has no impact on inhibitor potency. X-ray co-crystals show that the same finger loop is displaced by the binding of BMS-791325 in the thumb pocket (10) . The structural data combined with our inhibition data suggested that the finger loop "competes" with BMS-791325 for binding to the thumb pocket, and thus, the L30S variant was used to probe the impact of the finger-thumb interaction on BMS-791325 binding kinetics.
Another variant (P495L) used to probe the interactions between NS5B and BMS-791325 is located in the thumb pocket, which is occupied by the ⌬1 finger loop in the apoprotein structure and by BMS-791325 in co-crystal structures (10) . The activity of the P495L variant is ϳ2-fold lower than WT and is highly resistant to BMS-791325 inhibition (EC 50 Ͼ500 nM and IC 50 431 Ϯ 110 nM; Table 2 ) (10, 11) . It was observed in replicons after selection in vitro and in clinical specimens of GT-1 patients treated with BMS-791325 (7, 11) . The P495L and L30S variants were used in this study to confirm that the inhibition and binding observed with WT NS5B is specific and to probe the impact of the weakened interaction between the thumb and finger on the inhibitor-enzyme interactions.
Binding curves from stopped-flow studies indicated that the initial binding of BMS-791325 to NS5B is fast, reaching equi- librium in seconds (Fig. 5 ). These results clearly deviated from the time-dependent inhibition experiments, which showed that more than 1 h of preincubation between enzyme and inhibitor is needed to reach steady-state inhibition of WT NS5B (Table  2 ). In addition, although a linear correlation between k obs and inhibitor concentration was detected for WT, L30S, and P495L enzymes, suggesting a one-step binding mechanism ( Fig. 5 and Scheme 1), the on-rate (k 1 ), calculated for WT NS5B from stopped-flow data (6.0 Ϯ 0.3 ϫ 10 6 M Ϫ1 s Ϫ1 ), is about 300 times faster than the on-rate calculated from activity data (2.1 Ϯ 0.2 ϫ 10 4 M Ϫ1 s Ϫ1 ). The discrepancy in the on-rates suggested the existence of a slow step that was not detected by stopped flow. In contrast to the results from stopped flow, results from Octet showed a much longer time to reach equilibrium for all three NS5B enzymes. In addition, plots of k obs versus inhibitor concentration from the Octet data generated hyperbolic curves for WT, L30S, and P495L enzymes (Fig. 6 ). Binding data from Octet (Fig. 6 ) supported a two-step slow binding mechanism for the inhibition of NS5B by BMS-791325 (Scheme 1, Table 2 , and Fig. 4A ), whereby the initial complex is formed rapidly, and a second slow isomerization occurs to form the final tight inhibition complex.
Although the stopped-flow and Octet binding studies are complementary, the detection methods exposed different steps of the mechanism that characterize the interaction of BMS-791325 and NS5B polymerase. The stopped flow experiments, which measure the intrinsic fluorescence changes of BMS-791325 upon binding, were conducted at fixed inhibitor (5 nM) and supersaturating enzyme (25-500 nM) concentrations and measured primarily the rate of the initial complex formation and not the final, tight complex formation. Extending the time of the measurement to match the time of the Octet experiments did not change the results. On the other hand, the Octet studies were conducted with femtomolar enzyme attached to a sensor (based on sensor tip area) and 30 -1000 nM concentrations of inhibitor. This assay monitors the change in light interference pattern that occurs when a small molecule binds to the immobilized protein. Under these conditions, both the initial complex formation kinetics and the final tight complex kinetics are detected. It is possible that immobilizing the enzyme alters the binding kinetics of the small molecule, but the concordance of these data with the catalytic assay data supports the relevance of the findings.
Kinetic data derived from both methods were used to fully elucidate a two-step, slow binding model and to derive kinetic and thermodynamic constants for BMS-791325 binding to WT, L30S, and P495L polymerases ( Table 5 ). The two-step binding mode and long residence time for BMS-791325 and WT NS5B may contribute to the efficacy that has been observed in vivo (7, 46, 47) .
Although BMS-791325 binds to WT and variant enzymes (L30S and P495L) via a two-step binding mechanism, details of the mechanism were different for each variant. Previous results suggested that the L30S variant is an enzyme with fingers and the thumb in a more open conformation (41, 42, 48) . In our binding studies, the inhibitor on-and off-rates for the L30S polymerase (4.4 Ϯ 0.1 ϫ 10 7 M Ϫ1 s Ϫ1 and 5.0 Ϯ 0.1 s Ϫ1 ) were 7-10 times "faster" than WT (6.0 Ϯ 0.3 ϫ 10 6 M Ϫ1 s Ϫ1 and 0.9 Ϯ 0.3 s Ϫ1 ), although the kinetics for the formation of final complex (k 3 and k 4 ) were unaffected by the finger loop substitution. The kinetic data suggest that a more exposed pocket is available for the initial binding of BMS-791325 to L30S.
The kinetic data are consistent with the observation that the preincubation time needed to reach maximum inhibition in the activity assay is less for L30S than for WT enzyme ( Table 2) . The data are also consistent with the observation that the L30S variant has a trypsin digest pattern identical to WT NS5B bound to a site 1 inhibitor (42) . The on-rate for L30S is essentially diffusion-controlled. The faster on-and off-rates of the first binding step for L30S suggest that the opening and closing of the ⌬1 finger loop of WT NS5B is slower than the initial binding of BMS-791325 to the thumb domain. This difference in the initial on-rate supports the hypothesis that the finger loop "competes" with the inhibitor for binding. The difference in on-rates of BMS-791325 for WT and L30S provides experimental evidence, in an assay environment conducive to polymerase replication, for a dynamic interaction between the fingers and thumb that can, in the case of WT, reduce the rate of inhibitor association below the rate of diffusion. Despite the fact that the NS5B apoenzyme is observed in a closed conformation in crystal structures, a dynamic interaction between fingers and thumb has been hypothesized based on single-molecule reconstruction transitions observed with FRET for DNA polymerases and the observation that NS5B can utilize a circular template (49 -53) . The dynamic interaction is also supported by rapid changes observed in binary NS5B-template complexes detected with surface-immobilized FRET-labeled RNA templates (54) .
The L30S substitution enhances the association and dissociation of NS5B with BMS-791325; however, L30S has little impact on the formation of the final tight complex ( Table 5 ). The slow isomerization step does not appear to be affected directly by the weaker finger-thumb interaction. The inability of L30S to substantially impact the affinity of the thumb site 1 binding pocket for BMS-791325 is not surprising in light of structural studies showing that displacement of the finger loop by thumb site 1 inhibitors causes no change in the structure of the thumb domain itself (17) .
A structural interpretation consistent with these observations is depicted in Fig. 7 . Distinct protein conformations are invoked for E ϩ I, EI, and EI* (Scheme 1). The NS5B "apo" conformation, in which the ⌬1 loop is bound to the thumb domain and Leu-30 occupies thumb site 1, corresponds to the unliganded (E ϩ I) state (Fig. 7A) . It is plausible that L30S mutant NS5B would have a somewhat different conformation, where the serine side chain is solvent-exposed and not buried in the hydrophobic cavity of thumb site 1. The EI state is posited to involve a protein conformation where the ⌬1 loop has dissociated partially from the thumb domain, allowing BMS-791325 to bind (Fig. 7B) . The data presented earlier suggest that this is a rapid process and is essentially diffusion-controlled for the L30S mutant protein. There is structural precedent for multiple conformations of the ⌬1 loop "fingertip" binding to thumb site 1 without complete dissociation of the loop from the thumb domain in GT-2a NS5B (15) , although these would not be completely representative of the NS5B conformation suggested here for GT-1, because thumb site 1 is still partially occluded in the GT-2a structures. Slow conformational rearrangement could result in a third protein conformation (EI*, Fig. 7C ) that may be similar to the structure observed in the NS5B GT-1b⅐BMS-791325⅐palm site inhibitor ternary complex x-ray structure (10) . The binding profile of P495L is significantly different from that of L30S. The kinetic interaction of the initial complex formation is similar for P495L and WT; however, formation and dissociation of the final complex, the slow isomerization step (k 3 and k 4 ), is significantly faster than for WT (Table 5 ). Formation of the final complex, k 3 (0.25 Ϯ 0.01 s Ϫ1 ), increases about 6-fold compared with WT NS5B (0.043 Ϯ 0.001 s Ϫ1 ), and the reverse rate, k 4 , increases 78-fold (1.4 Ϯ 0.4 ϫ 10 Ϫ2 versus 1.8 Ϯ 0.1 ϫ 10 Ϫ4 s Ϫ1 ). It is very clear that the formation of the final complex is thermodynamically less favorable for P495L, delivering a much shorter residence time (2.0 Ϯ 0.6 min) than WT (98 Ϯ 23 min) for BMS-791325. The thumb site 1 binding pocket occupied by BMS-791325 is largely hydrophobic in nature and composed of residues Leu-392, Ala-393, Ala-395, Ala-396, Thr-399, Ile-424, Leu-425, His-428, Phe-429, Leu-492, Gly-493, Val-494, Pro-495, Trp-500, and Arg-503. Pro-495 makes multiple contacts with the indole phenyl ring and the sulfamide moiety of BMS-791325, and substitution of leucine at 495 is predicted to reduce binding affinity (10) . The drastically shortened residence time with P495L translates into the decreased potency of BMS-791325 against this resistance variant and the ability of the variant to escape inhibition in vivo.
Thus, the mutation that reduced the affinity of the thumbfinger interaction (L30S) resulted in increased association kinetics but did not affect final tight complex formation. In contrast, mutations that make contacts with the inhibitor itself (P495L) did not affect the kinetics of initial enzyme-inhibitor association but did affect the overall affinity of the final complex.
Binding results for BMS-791325 are consistent with results for another thumb site 1 inhibitor studied. The binding of TMC647055 to NS5B WT and P495L was studied by SPR (23) . Although this compound is less potent than BMS-791325 (K d of 4 nM against WT compared with 0.62 Ϯ 0.18 nM for BMS-791325), it showed a residence time of 188 min against WT and a residence time of 0.7 min against P495L. The surface plasmon resonance measurements do not indicate whether this compound has a one-or two-step binding mechanism.
Differences between NS5B WT and L30S with respect to 1) kinetic interactions with BMS-791325 in binding studies and 2) preincubation behavior of BMS-791325 in activity assays provide insight into the formation of active replication complexes. For WT NS5B, the interaction between fingers and thumb, in an assay environment that supports the initiation of RNA replication, is dynamic and slower than the rate of diffusion. The dynamic nature of the interaction supports previously pub-FIGURE 7. Behavior of BMS-791325 in activity and binding studies. The schematic series (A-C) shows one possible structural interpretation of the results reported. BMS-791325 and NS5B residue Leu-30 are shown in a ball and stick representation with orange and magenta carbon atoms, respectively. NS5B residues 1-53 are highlighted in a green schematic, and the remainder of the protein is shown with both white schematic and gray surface representations. In A, BMS-791325 is unbound, and the NS5B ⌬1 loop adopts the conformation seen in the apo x-ray crystal structure (Protein Data Bank code 1C2P) with Leu-30 occupying the pocket on the NS5B thumb domain (13) . This corresponds to the E ϩ I state in the two-step mechanism depicted in Scheme 1. Differences in the behavior of BMS-791325 on WT and L30S NS5B in time-dependent inhibition assays and stopped-flow binding studies indicate that the finger loop interacts dynamically with the thumb site 1 binding pocket and "competes" with BMS-791325 for initial binding to NS5B. B shows a hypothetical protein⅐ligand complex corresponding to the EI intermediate state shown in the two-step mechanism (Scheme 1) in which the protein has adopted a conformation where the ⌬1 loop has partially dissociated from the thumb domain allowing BMS-791325 to bind. The rate of the initial binding interaction (k 1 ) between BMS-791325 and WT NS5B ((6.0 Ϯ 0.3) ϫ 10 6 M Ϫ1 s Ϫ1 ) is ϳ10 times faster ((4.4 Ϯ 0.1) ϫ 10 7 M Ϫ1 s Ϫ1 ) if the finger loop contains the L30S substitution. This difference in the initial binding rate indicates that the interaction between fingers and thumb in WT NS5B is slower than the rate of diffusion. Note that the conformation of residues 1-53 (green) in B was modeled for illustrative purposes only and is not representative of any reported NS5B crystal structure, although there is a literature precedent for multiple conformations of the ⌬1 loop in GT-2a NS5B (15) . C, x-ray structure of the complex of NS5B 1b with BMS-791325 bound to thumb site 1 and another inhibitor bound to a site in the palm domain (10) . This is presumed to be representative of the EI* tightly bound complex in Scheme 1, although the presence of the palm site inhibitor and its potential to impact protein conformation add uncertainty. Here, residues 1-53, including the ⌬1 loop, are not shown because they are unresolved in the co-crystal structure. Images were created with the PyMOL Molecular Graphics System (version 1.7.2.1, Schrö dinger, LLC).
lished studies demonstrating that RNA binding to NS5B enhances an open conformation similar to the conformation of the L30S variant and similar to NS5B bound to a thumb site 1 inhibitor (42); the template-bound open conformation, in the absence of BMS-791325, closes with the addition of NTP or pGpG dinucleotide. A dynamic finger-thumb interaction would facilitate the association of substrates with NS5B to form productive replication complexes. BMS-791325 blocks the finger-thumb association, inhibiting the initiation of replication. Experiments using surface-immobilized FRET-labeled RNA to detect NS5B-template interactions indicated that a thumb site I analog reduces binding and sliding of NS5B along the template (54) . The ability of BMS-791325 to block the initiation of RNA replication, regardless of whether synthesis is primed or de novo, indicates that the finger thumb interaction is essential in both cases. The fact that BMS-791325 is unable to block elongation suggests that the interaction between the fingers and thumb that occurs during the formation of active replication complexes is fundamentally different during elongation. It is possible that the fingers domain is less flexible during elongation and blocks the binding of BMS-791325 or that the shape of the thumb binding pocket is different and cannot bind inhibitor (17, 38) . Experiments with non-nucleoside inhibitors that bind to different polymerase structural domains are ongoing to further investigate the impact of the finger-thumb interaction on HCV NS5B replication.
